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ABSTRACT

ARTICLE HISTORY

A novel generation of hybrid stainless steel girders, featuring high-strength stainless steel flanges and conventional stainless steel webs, has
been developed and is increasingly used in marine structures. This hybrid configuration provides enhanced flexural capacity while
simultaneously reducing material consumption and structural weight compared with conventional homogeneous girders. However, no
established design rules currently exist for such hybrid steel girders. As a result, the resistance and design of such hybrid stainless steel
girders under localised forces should be carefully evaluated. This study aims to fill the gap by expanding on previous experimental work
and proposing simplified design methods for predicting the resistance of hybrid stainless steel girders under localised forces using numerical
methods. A robust finite element (FE) model, previously developed and validated by the authors, was utilized to conduct an extensive
parametric study, generating a total of 1248 FE results. This study focused on key parameters, including the bearing width ratio, web aspect
ratio, web slenderness, and local geometric imperfection. The numerical results were analysed to assess the reliability of existing design
guidelines, namely GB 50017-2017, EN 1993-1-5, and ANSI/AISC 360-22. The analysis revealed that the predicted values from GB 50017-
2017 were unconservative, with an average deviation of 16.4%. In contrast, EN 1993-1-5 (2006) and ANSI/AISC 360-22 (2022) provided
conservative estimates, with average deviations of 44.7% and 19.8%, respectively. To address this issue, new design proposals were
formulated, incorporating a modified coefficient within the framework of existing design rules.
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1. Introduction

A novel generation of hybrid stainless steel girders, featuring high-strength
stainless steel flanges and conventional stainless steel webs, has been developed
and is increasingly used in marine structures. Stainless steel is attractive for
structural applications in aggressive marine environments [1]. This hybrid
configuration offers clear structural advantages by providing enhanced flexural
capacity while simultaneously reducing material consumption and structural
weight compared with fully homogeneous girders [2]. However, hybrid-
configured girders may experience buckling failure due to patch loading when
exposed to moving loads, in which a concentrated force applied perpendicular
to the flange leads to localized web failure [3-8], as illustrated in Fig. 1. The
issue is especially common with crane girders and beam-column couplings.
Therefore, a comprehensive assessment of the buckling behavior of hybrid
stainless steel girders under localized bearing force is required.

(a) Steel girders used in marine structures (b) Schematic diagram

Fig. 1 The practical application and loading cases of steel girders

The structural behavior of hybrid carbon steel members has been the subject
of numerous investigations in the literature [9-13], revealing notable
performance distinctions compared to their homogeneous counterparts.
Nevertheless, studies on hybrid steel members incorporating conventional
stainless steel remain relatively scarce. Lalthazuala and Singh [14-16]
performed a series of numerical investigations to evaluate the structural
performance and design behavior of hybrid-configured girders, with particular
emphasis on bending, axial compression, and shear capacity. Based on their
numerical results, refined design formulations tailored to hybrid members were
proposed. In parallel, Bock et al. [17] carried out numerical analyses on hybrid
stainless steel girders subjected to compression and bending. However, the
validation of their numerical models was based exclusively on experimental
results from homogeneous welded I-sections, rather than on specimens with
hybrid material configurations. The lack of direct experimental evidence for

hybrid-configured girders therefore limits the reliability and general
applicability.

To date, no studies have addressed the resistance of hybrid stainless steel
girders under localized forces. While the authors' prior research [18-22]
examined the structural behavior and design of homogeneous stainless steel
girders, these investigations focused exclusively on patch loading and shear
resistance in homogeneous members, which exhibit distinct characteristics
compared to hybrid configurations. The variations in material composition,
bonding mechanisms, and load distribution between hybrid and homogeneous
girders highlight the need for a more comprehensive analysis of their
performance under concentrated loads.

Furthermore, homogeneous girders are the main focus of the current design
requirements for predicting girder resistance under localized loads [23-25].
Existing design standards, such as GB 50017 [26], EN 1993-1-5 [27], and
ANSI/AISC 360-22 [28], are fundamentally developed based on the assumption
of material homogeneity, which may not be fully applicable to hybrid stainless
steel members. They do not consider the unique characteristics and performance
variations inherent in hybrid-configured girders, which combine different
material grades in their construction. Consequently, their applicability to
hybrid-configured girders requires thorough evaluation in this study.

T'raditional stainless

seel

Fig. 2 Photograph of test specimens investigated in this study [29]

To address the aforementioned research gap, the present study builds upon
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the authors’ previous experimental investigations [29] and proposes simplified
design approaches for evaluating the structural performance of hybrid stainless
steel girders subjected to concentrated loading. The experimental specimens
consist of high-strength stainless steel flanges combined with conventional
stainless steel webs, as illustrated in Fig. 2. A previously developed and
experimentally validated finite element (FE) model was subsequently employed
to conduct an extensive parametric study, comprising a total of 1,248 numerical
simulations. Through this comprehensive analysis, the influences of key
parameters, including the bearing width ratio, web aspect ratio, web slenderness,
and local geometric imperfections, were systematically investigated.
Subsequently, the numerical predictions were systematically assessed to
examine the suitability and predictive accuracy of the existing design provisions
prescribed in GB 50017 [26], EN 1993-1-5 [27], and ANSI/AISC 360-22 [28].
Based on the observed discrepancies, calibration factors were introduced into
the existing design formulations, and alternative design approaches were further
proposed.

2. Numerical modelling
2.1. General

Numerical simulations using the ABAQUS program were performed to
examine the structural response of hybrid-configured girders under localized

bearing force [30]. The computational models underwent thorough validation
through comparison with experimental data from the authors’ prior studies [29],
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incorporating considerations of material nonlinear behavior and initial
geometric deviations. A detailed comparison of numerical predictions with
experimental findings confirmed the accuracy of models in predicting the
strength of such hybrid-configured girders. Further numerical modelling
approaches can be found in the authors' recent studies [18,19].

2.2. Summary of test data for validation purposes

The authors' prior experimental program [29] involved testing 10 hybrid-
configured girders under localized forces, as summarized in Table 1, with the
data serving as a basis for subsequent validation. The flanges were fabricated
from either QN1803 or S32001 high-strength stainless steel, while the webs
were constructed using EN 1.4301 (S30408) or EN 1.4462 (S2205)
conventional stainless steel.

A total of 22 tensile test specimens were extracted from specified locations
on both the web and flange components, with testing procedures conducted in
accordance with the British Standard for metallic material testing (ISO 6892-1)
[31]. The corresponding tensile properties are summarized in Table 2. For the
concentrated load testing, a 2000 kN MTS hydraulic press was utilized, as
illustrated in Figs. 3 and 4. The investigation primarily examined failure
behavior under an internal one-flange (IOF) loading condition applied at the
beam’s midspan. The girders were simply supported at both ends, with the
concentrated force transmitted through a bearing plate. Displacement
measurements were recorded using three LVDTs positioned at both ends and
midpoint, as illustrated in Fig. 3.

Table 1
Summary of patch-loading test results reported by previous study [29]
. Flange Web
Specimen ID ‘ . L/mm hw/mm a/mm tw/mm t/mm S¢/mm wo/mm Ss/hw alhy Py TestkN
material material
F1803W304-T3.0-ad1.0-S50-1 QN1803 EN 1.4301 600 500 500 2.95 7.77 50 0.5 0.10 1.0 99.7
F1803W304-T3.0-ad1.0-S50-2 QN1803 EN 1.4301 600 500 500 2.95 7.77 50 0.5 0.10 1.0 94.8
F1803W304-T3.0-ad1.0-S100-1 QN1803 EN 1.4301 600 500 500 2.94 7.75 100 0.3 0.20 1.0 108.6
F1803W304-T3.0-ad1.0-S100-2 QN1803 EN 1.4301 600 500 500 2.94 7.75 100 0.3 0.20 1.0 110.4
F32001W2205-T3.0-ad1.0-S50-1 S$32001 EN 1.4462 600 500 500 3.00 7.78 50 1.0 0.10 1.0 164.2
F32001W2205-T3.0-ad1.0-S50-2 S$32001 EN 1.4462 600 500 500 3.00 7.78 50 1.0 0.10 1.0 163.6
F32001W2205-T3.0-ad1.0-S100-1 S32001 EN 1.4462 600 500 500 3.00 7.75 100 0.6 0.20 1.0 173.9
F32001W2205-T3.0-ad1.0-S100-2 S$32001 EN 1.4462 600 500 500 3.00 7.75 100 0.6 0.20 1.0 173.1
F32001W2205-T3.0-ad1.5-S100-1 S32001 EN 1.4462 850 500 750 2.98 7.76 100 1.2 0.20 1.5 167.9
F32001W2205-T3.0-ad1.5-S100-2 S$32001 EN 1.4462 850 500 750 2.98 7.76 100 1.2 0.20 1.5 164.5
Table 2
Summary of material properties of hybrid stainless steel girders [20,24,37]
Grades Coupon ID Eo/GPa G0.2/MPa ou /MPa
1803-T3-1 193.4 445.1 763.6
1803-T3-2 191.3 437.5 749.1
1803-T3-3 193.7 423.6 752.6
QN1803
1803-T8-1 187.1 415.6 703.5
1803-T8-2 185.7 413.3 714.7
1803-T8-3 182.4 406.9 708.8
32001-T3-1 187.9 475.1 674.6
32001-T3-2 187.5 479.7 654.9
32001-T3-3 180.8 476.9 666.8
S32001
32001-T8-1 200.7 478.1 673.9
32001-T8-2 191.1 481.5 680.8
32001-T8-3 198.9 464.3 677.1
S30408-T3-1 187.5 306.7 716.5
S30408-T3-2 180.2 300.7 714.3
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EN 1.4301 S30408-T8-1 180.8 332.5 715.4

S30408-T8-2 182.8 321.8 689.5

S30408-T8-3 184.7 3242 727.1

2205-T3-1 198.6 593.1 788.0

2205-T3-2 202.2 598.5 795.4

EN 1.4462 2205-T3-3 200.1 619.7 789.7

2205-T8-1 202.7 559.1 776.7

2205-T8-2 200.8 552.9 753.6

Fig. 3 Experimental setup from the authors [29]

Fig. 4 Schematic diagram of the testing setup

Each girder specimen was tested following a two-stage loading protocol to
fully exploit its structural capacity. In the first stage, the specimen was loaded
in its as-fabricated orientation without any prior damage. Taking specimen
F1803W304-T3.0-ad1.0-S50-1 as a representative example, the initial test was
conducted until the peak load was attained. After completion of the first loading
stage, the specimen was unloaded and prepared for a second test. For the
subsequent test, the girder was inverted to reverse the loading configuration.
Specifically, the flange that originally served as the bottom flange was
repositioned at the top, while the flange previously subjected to loading was
relocated to the bottom. Following this reconfiguration, the specimen was
relabeled as F1803W304-T3.0-ad1.0-S50-2 and reloaded under the same
experimental conditions. Additional information regarding the test setup,
boundary conditions, loading scheme, and instrumentation can be found in Ref.
[29].

2.3. Summary of numerical modelling approaches

The yield strength, ultimate tensile strength, and elongation obtained from
the coupon tests were systematically incorporated into the finite element (FE)
modeling framework to ensure an accurate representation of the structural
response under various loading conditions. Owing to its proven effectiveness in
structural analyses where the plate thickness is significantly smaller than the in-
plane dimensions, the S4R element, a four-node, quadrilateral shell element
with reduced integration, was adopted for the numerical simulations [32-34].
This element type is particularly well suited for thin-plate applications, as it
effectively mitigates shear locking while maintaining high computational
efficiency. The nonlinear stress—strain relationship was first fitted using the
Ramberg—Osgood model and then discretized into a multi-linear form for
implementation in ABAQUS.

The finite element (FE) models were carefully developed to replicate the
experimental loading conditions, allowing for a direct comparison between
numerical predictions and experimental results. As illustrated in Fig. 5(a), a
vertical displacement was imposed on a designated reference point, which was
coupled to the bearing plates through coupling constraints to ensure realistic and
consistent load transfer. The bearing plates were modeled as rigid bodies, with

all degrees of freedom constrained to the reference point to enforce a uniform
displacement field [35,36]. In addition, Tie constraints were introduced between
the girder ends and the stiffened blocks to prevent any relative displacement
during loading [37-39]. This modeling approach enabled an accurate
representation of the structural response of hybrid-configured girders subjected
to localized bearing force.

Using finite element (FE) models, a buckling analysis was performed to
assess how initial geometric imperfections affected structural stability [40-42].
The first-order eigenmode, depicted in Fig. 5(b), exhibited a strong agreement
with the initial deformations measured during experimental testing, confirming
its suitability for imperfection modelling. To integrate these imperfections into
the numerical simulations, the *IMPERFECTION keyword was employed,
utilizing the first eigenmode derived from the buckling analysis as the basis for
the initial geometric imperfection. This mode was scaled to represent realistic
deformation amplitudes, ensuring an accurate representation of the structural
response under loading conditions [43].

Meshing

Beam Stiffener
(Shell elements, S4R)

ements, S4R)

Pinned support
(Ux=Uy=Uz~Urx=Ury=0)

(a) boundary condition and mesh size

(b) First-order buckling mode derived from FE

Fig. 5 FE modelling technique applied in this study [29]

A preliminary assessment of the residual stress indicated that its effect on
the resistance of hybrid-configured girders subjected to localized bearing force
is negligible. This can be attributed to the fact that the structural response under
concentrated forces is predominantly governed by local bearing and web
crippling mechanisms, for which the contribution of residual stress is relatively
limited. This observation is consistent with the findings reported in previous
studies [44,45], which similarly demonstrated that residual stresses exert an
insignificant influence on the load-carrying capacity. In light of its marginal
effect, the residual stress was therefore neglected in the finite element modeling
adopted in this study.

In the present study, the welding configuration, heat input, and geometry of
the hybrid and homogeneous girders are essentially identical, only the flange
material differs. Consequently, the residual stress distribution in the web, where
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patch loading resistance is primarily governed, is expected to be similar in both
cases. Since patch loading behaviour is dominated by localized web yielding
and crippling rather than global instability, its sensitivity to residual stresses is
limited. To further address this concern, a representative critical case was
reanalysed with a typical residual stress pattern introduced. The comparison
between models with and without residual stresses shows only a marginal
difference in the load—displacement response and ultimate capacity.

2.4. Modelling approach validation

To validate the finite element (FE) models, a comprehensive dataset
comprising 10 experimental results from the authors’ previous study [29] was
employed. The validation was conducted by systematically comparing the
numerical predictions with the experimental observations in terms of load—

Table 3
Comparison between experimentally and numerically predicted resistances [29]

displacement responses, local load-carrying capacity, and failure modes.

As summarized in Table 3, a detailed comparison was performed between
the ultimate loads obtained from the experimental tests (Fiy) and those
predicted by the finite element analysis (Frg). The results indicate a mean
Fes/Frg ratio of 0.988, accompanied by a low coefficient of variation (COV) of
0.015, demonstrating the high level of agreement between the experimental and
numerical results. Furthermore, Fig. 6 compares the load—vertical deflection
relationships derived from the experimental tests and the FE simulations,
revealing a strong correlation over the entire loading range. In addition, Fig. 7
illustrates the comparison between the experimentally observed deformed
shapes and those predicted by the FE models. The close agreement in both
deformation patterns and failure characteristics further substantiates the
capability of the FE models to accurately reproduce the structural behavior of
hybrid-configured girders under localized bearing force.

Specimens Flange Specimens Py, test (kN) Py, rea (kKN) Py, Test/ Py, FEA
F1803W304-T3.0-ad1.0-S50-1 QN1803 EN 1.4301 99.7 98.8 1.009
F1803W304-T3.0-ad1.0-S50-2 QN1803 EN 1.4301 94.8 98.8 0.96
F1803W304-T3.0-ad1.0-S100-1 QN1803 EN 1.4301 108.6 111.4 0.975
F1803W304-T3.0-ad1.0-S100-2 QN1803 EN 1.4301 110.4 111.4 0.991
F32001W2205-T3.0-ad1.0-S50-1 $32001 EN 1.4462 164.2 164.9 0.996
F32001W2205-T3.0-ad1.0-S50-2 $32001 EN 1.4462 163.6 164.9 0.992

F32001W2205-T3.0-ad1.0-S100-1 $32001 EN 1.4462 173.9 176.8 0.984
F32001W2205-T3.0-ad1.0-S100-2 S$32001 EN 1.4462 173.1 176.8 0.979
F32001W2205-T3.0-ad1.5-S100-1 S$32001 EN 1.4462 167.9 166.3 1.01
F32001W2205-T3.0-ad1.5-S100-2 S$32001 EN 1.4462 164.5 166.3 0.989
Mean 0.988
CoV 0.015
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Fig. 6 Load-displacement graphs from the tests and FEA [29]

(a) Specimen F1803W304-T3.0-ad1.0-S50-1

.

(b) Specimen F32001W2205-T3.0-ad1.0-S50-1

(c) Specimen F32001W2205-T3.0-ad1.5-S100-1

Fig. 7 Comparison of failure modes between the testing and FE models [29]
3. Parametric study
3.1. General

A comprehensive parametric study was carried out using a robust finite
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element (FE) model that had been previously developed and extensively
validated by the authors, resulting in a total of 1,248 numerical simulations. The
material stress—strain relationships adopted in the FE models were derived from
the authors’ earlier experimental investigations [29]. Key material properties,
including yield strength, ultimate tensile strength, and elastic modulus, are
systematically summarized in Table 2.

Initially, the localized-loading resistance of hybrid and homogeneous
welded girders was evaluated through a thorough comparative analysis.
Following that, a parametric analysis was conducted to examine the key
variables affecting these hybrid-configured girders' resistance. To assess their
individual and combined effects on the behavior of the girder, important
parameters such as the bearing width ratio (Sy/4,,), web slenderness ratio (4,,/t,),
local imperfection ratio (w/h,), and web aspect ratio (a/h,,) were changed.

The ratio of bearing width to web height (S,/%,,) was varied between 0.1 and
0.4 to examine the influence of load distribution characteristics within the
bearing region. The web slenderness ratio (%,/t,), ranging from 90.9 to 200.0,
was considered to assess the effects of web thickness and associated stability
behavior on the load-carrying capacity. The web aspect ratio (a/hy,) was
investigated within the range of 1.0 to 2.0 to evaluate its influence on the
interaction between local bearing behavior and overall web deformation. In
addition, the local imperfection ratio (w/A,,) was varied from 0.0008 to 0.044 to
account for the effects of initial geometric imperfections. The adopted ranges of
these governing parameters are summarized in Table 4.

Table 4
Details of the parametric analysis

Key parameters Range

Web aspect ratio (a/hw) 1.0,1.1,1.2,1.3,14,1.5,1.6,1.7,1.8,1.9,2.0

90.9, 94.3, 98.0, 102.0, 106.4, 111.1, 116.3, 122.0,
128.2, 135.1, 142.9, 151.5, 161.3, 172.4, 185.2,
200.0

Web slenderness ratio (Aw/tw)

Local tric imperfecti
ocal geometric imperiection 0.0008, 0.002, 0.0032, 0.044
ratio (wo/hw)

0.10, 0.12, 0.14, 0.16, 0.18, 0.20, 0.22, 0.24, 0.26,

Bearing width ratio (S./h) 0.28, 0.30, 0.32, 0.34, 0.36, 0.38, 0.40

3.2. Comparison between hybrid and homogeneous girders

<]— FI803W30408 (a'hw=1.0)|
30408 (a/hw=1.0)

280 | “

240

(kN)

< 200 | 4,
P \

F
4y
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to homogeneous girders composed entirely of EN 1.4462 (S2205). The
objective is to assess whether hybrid-configured girders can achieve localized-
loading resistance comparable to that of homogeneous girders while optimizing
material use.

The results demonstrate that the local load-carrying capacity of the
F1803W304 and F32001W2205 hybrid-configured girders is comparable to that
of homogeneous EN 1.4301 (S30408) and EN 1.4462 (S2205) girders,
respectively. This indicates that the use of QN1803 and S32001 as flange
materials does not adversely affect the structural performance under localized
bearing force conditions. Moreover, given the higher strength of QN1803
compared to EN 1.4301 (S30408), the moment resistance of hybrid-configured
girders is expected to exceed that of homogeneous girders. These findings
underscore the structural efficiency of hybrid-configured girders, which
capitalize on the mechanical advantages of different materials to enhance
performance while potentially reducing material costs and weight.

Both hybrid and homogeneous girders exhibit the same dominant failure
modes under patch loading, characterized by initial web yielding followed by
localized buckling or crushing. This indicates that the patch loading response is
primarily governed by localized web behavior, including web crippling, local
plastic deformation, and instability. In this loading scenario, the web acts as the
principal load-resisting component. The flange mainly serves as a load-
introduction element that transfers and distributes the applied patch load into
the web. Moreover, the load transfer path from the patch load to the web is
essentially identical in both hybrid and homogeneous girders. Although the
high-strength flange in the hybrid configuration improves local stiffness, it does
not fundamentally alter the deformation pattern, stress distribution, or governing
failure mechanism of the web. As a result, both girder types exhibit comparable
structural performance under patch loading.

3.3. Effect of local geometrical imperfection ratio (W/hw)

The effect of the local geometric imperfection ratio (wo/A,) on the ultimate
local load-carrying capacity of the F1803W304 and F32001W2205 hybrid-
configured girders is illustrated in Figs. 9(a) and (b). Values of wy/h,, ranging
from 0.0008 to 0.0044 were considered for each web configuration. The results
indicate that the variations in local load-carrying capacity induced by different
imperfection amplitudes remain consistently below 1% for all investigated
specimens. This limited sensitivity suggests that the localized bearing response
of stainless steel plate girders is largely governed by material yielding and web
crippling mechanisms, with initial local geometric imperfections playing a
secondary role. In view of the negligible influence observed and to ensure
numerical efficiency and consistency, a local geometric imperfection ratio of
wo/hy = 0.0008 was therefore adopted in the subsequent parametric analyses.

180

160 |

160

80 1

s
80 100 120 140 160 180 200

ah,

(a) F1803W30408 and homogeneous S30408 girders

20 [ F32001 W2205 (dw/hw=0)
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440
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(b) F32001W2205 and homogeneous S2205 girders

Fig. 8 Comparison between hybrid and homogeneous girders

A comparative evaluation of the local load-carrying capacity is presented
in Fig. 8(a) and (b), illustrating the differences in structural performance
between hybrid-configured girders and conventional homogeneous girders.
Specifically, the analysis examines F1803W304 hybrid-configured girders,
which feature flanges made of QN 1803 and webs made of EN 1.4301 (S30408),
as well as F32001W2205 hybrid-configured girders, constructed with flanges
made of S32001 and webs made of EN 1.4301 (S30408). These are compared

F,(kN)

F(kN)

Fig. 9 Effect of initial imperfection on the ultimate strength
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(b) F32001W2205 girders

3.4. Effect of web aspect ratio (a/hw)

The influence of the web aspect ratio (a/h,) on the local load-carrying
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capacity of the F1803W304 and F32001W2205 hybrid-configured girders is
illustrated in Figs. 10(a) and (b), respectively. The parametric analysis covered
a/h,, values ranging from 1.0 to 2.0 with an increment of 0.1. Typical failure
modes observed in selected girder specimens are presented in Figs. 11 and 12.
The results demonstrate that, for a given web aspect ratio, an increase in the
bearing width ratio (Sy/%,) leads to a pronounced enhancement in local load-
carrying capacity. This trend reflects the beneficial effect of load dispersion
over a wider bearing region, which delays the onset of localized web crippling.
For instance, when a/h,, = 1.0, increasing the Sy/A,, ratio from 0.10 to 0.38 results
in an increase in the ultimate local load-carrying capacity of 33.7% for the
F1803W304 hybrid-configured girders and 31.7% for the F32001W2205
hybrid-configured girders.

240 |
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160 1=
Z 10
=< 120
e
100
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Fig. 10 Effect of a/hw on the ultimate strength
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Fig. 11 Typical failure modes for F1803W30408 specimens with varying a/hw

(@) a/h=1.0, S/h=0.18  (b) al/hw=12, Syh=0.18  (c) a/h=1.4, S/h,=0.18

(d) alhw=1.6, S/h=0.18 () alhv=1.8, S/h,~0.18 () alhv=2.0, Sy/hv=0.18

Fig. 12 Typical failure modes for F32001W2205 specimens with varying a/A.w

Furthermore, the local load-carrying capacity exhibits a decreasing trend as
the web aspect ratio (a/h,,) increases from 1.0 to 2.0, with this effect being more
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pronounced in specimens characterized by lower bearing width ratios (Sy/A.).
Specifically, in F1803W304 hybrid-configured girders, increasing a/h,, from 1.0
to 2.0 results in localized-loading resistance reductions of 3.15%, 4.78%, and
1.22% for Sy/h,, ratios of 0.1, 0.18, and 0.38, respectively. Similarly, in
F32001W2205 hybrid-configured girders, the corresponding reductions were
6.56%, 8.34%, and 14.80%. These results underscore the substantial impact of
the web aspect ratio on localized-loading resistance, emphasizing the
importance of incorporating this parameter in the formulation of new design
equations.

3.5. Effect of web slenderness (h,/t,,)

The influence of the web slenderness ratio (%,/t,,) on the local load-carrying
capacity of the F1803W304 and F32001W2205 hybrid-configured girders is
presented in Figs. 13(a) and (b). In this parametric analysis, the web aspect ratio
(alh,,) was systematically varied from 1.0 to 2.0 in increments of 0.2.

The findings reveal that for fixed values of 4,/f, and increasing a/h,, leads
to a pronounced reduction in the member's capacity under localized bearing
force. In F1803W304 hybrid-configured girders, increasing the a/h,, ratio from
1.0 to 2.0 leads to a strength reduction of 13.4% for 4,/t, = 90.9 and 5.1% for
hy/t,,=200.0. Similarly, for F32001W2205 hybrid-configured girders, the same
increase in a/h,, causes strength reductions of 19.9% and 9.3% for 4,/t,, values
0f 90.9 and 200.0, respectively.
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Fig. 13 Effect of h./tw on the ultimate strength

The results also demonstrate that a marked decline in localized-loading
capacity was observed as hw/tw increased from 90.9 to 200.0. In F1803W304
hybrid-configured girders with fixed a/h, values of 1.0, 1.6, and 2.0, the
reductions are 70.7%, 68.6%, and 67.9%, respectively, while in F32001W2205
hybrid-configured girders, the corresponding reductions are 70.2%, 68.2%, and
66.3%. In addition, as illustrated in Figs. 14 and 15, increasing web
slenderness ratios result in more pronounced local buckling behavior,
underscoring the critical role of web slenderness in governing the local load-
carrying capacity of hybrid configured girders.
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-

(a) hw/£=90.9, a/h,=1.6

(b) h/t,=102.0, a/h=1.6

(c) h/ti=116.3, a/h=1.6

(d) h/t=135.1, alh=1.6 () hu/tw=161.3, a/h=1.6 () hu/t,=200.0, a/h=1.6

Fig. 14 Typical failure modes for F1803W30408 specimens with varying &/t

(a) h/t,=90.9, a/h=1.6  (b) hi/t=102.0, a/h=1.6  (c) hu/t,=116.3, a/h=1.6

(d) hw/tw=135.1, a/hw=1.6 (e) hw/tw=161.3, a/h,=1.6 () h/t,=200.0, a/hw=1.6
Fig. 15 Typical failure modes for F32001W2205 specimens with varying /./tw
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3.6. Effect of bearing width ratio (Ss/hw)

The role of the bearing width-to-web depth ratio (Sy/A,,) in influencing
localized-load resistance of F1803W304 and F32001W2205 hybrid-configured
girders is presented in Figs. 16(a) and (b), with representative failure modes
shown in Figs. 17 and 18. The results indicate a consistent increase in localized-
loading resistance as the bearing width ratio (Sy/4,) increases from 0.1 to 0.38.
These observations are consistent with the trends identified in Section 3.5,
which demonstrated that increasing #.,/t,, leads to a substantial drop in the peak
localized load-bearing capacity. For F1803W304 hybrid-configured girders
with an 4,/¢, ratio of 142.9, increasing S,/A,, ranging from 0.1 to 0.38 with step
sizes of 0.04 leads to corresponding resistance gains of 5.0%, 10.6%, 15.4%,
20.7%, 26.3%, 31.7%, and 37.4%. Similarly, for F32001W2205 hybrid-
configured girders under the same conditions, the increases are 5.3%, 10.5%,
15.4%, 20.4%, 25.2%, 30.2%, and 35.3%. These results highlight the critical
role of Sy/h,, in local bearing capacity.
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Fig. 16 Effect of Sy/h on the ultimate strength

(@) h/t,=128.2, S/h=0.1  (b)hu/t,=128.2,S/h=0.14  (c)h/tu=128.2,5/1=0.22

T
[

(d)h/t,=128.2,5,/h,=0.26

()hu/t,=128.2,8,/1,=0.30

(Bh/6,=128.2,5/7,=0.38

Fig. 17 Typical failure modes for F1803W30408 specimens with varying S/

(@) ho/t,=128.2, S/h=0.1  (B)h/tu=128.2,S/h=0.14  (c)hu/t,=128.2,5,/h,=0.22

(h/t,=128.2,5/1,=0.26  ()hu/tu=128.2,5/m=0.30  ()h/t,=128.2,5,/h,=0.38

[ ]

Fig. 18 Typical failure modes for F32001 W2205 specimens with varying Sy/u.

The comparative analyses presented above clearly demonstrate that the
bearing width ratio, web aspect ratio, and web slenderness exert a dominant
influence on the local load-carrying capacity of hybrid-configured girders.
These parameters govern the load transfer mechanisms and stability
characteristics of the web, and therefore play a critical role in determining the
structural performance of such members. Consequently, they must be explicitly
incorporated into the proposed design formulations developed in this study to
ensure both predictive accuracy and engineering reliability. By contrast, the
effect of initial geometric imperfections was shown to be negligible within the
investigated range. This finding indicates that their influence on local load-
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carrying capacity is secondary and may be reasonably neglected in the
development of the new design recommendations, thereby enabling a simplified
yet robust design framework.

4. Existing design rules for homogeneous girders
4.1. General

As previously mentioned, the design methods for hybrid stainless steel
girders under localized forces are not currently available. The current design
criteria outlined in GB 50017 [26], EN 1993-1-5 [27], and ANSI/AISC 360-22
[28] were generated with the assumption of homogeneous girders. These codes
do not account for the unique characteristics and performance variations
inherent in hybrid-configured girders, which combine different material grades
in their construction. This section will provide a summary and discussion of the
current design criteria, as outlined follows:

4.2. EN 1993-1-5 [27]

The current version of EN 1993-1-5 [27] provides design provisions for
evaluating the resistance of homogeneous steel girders under three distinct
loading conditions, with particular emphasis on the effects of plate behavior. A
key distinction between EN 1993-1-5 [27] and GB 50017 [26] lies in the
treatment of strength reductions associated with web buckling. EN 1993-1-5
[27] explicitly accounts for the influence of web instability on the load-carrying
capacity by incorporating reduction factors that reflect the susceptibility of
slender webs to local buckling. In contrast, GB 50017 [26] adopts a different
design philosophy, in which the effects of web buckling are treated in a less
explicit manner. This fundamental difference may result in discrepancies in the
predicted resistance of girders, particularly for members with relatively high
web slenderness ratios, where web instability plays a governing role in the
overall structural response.

The design strength associated with failure under localized bearing force
(PykN) is determined by considering several critical parameters that influence
the structural behavior of hybrid-configured girders. These parameters include
the yield strength of the web (f;.), the web thickness (), the effective length
(Lerr), and the partial safety factor (ym;). The interaction between these factors
governs the localized-loading resistance. The mathematical formulation of this
relationship is provided in Egs. (1)-(7)

_ f,wLefftw €8]
7

P

u,EN

L),:sx+2tf(1+,lml+m2)5a 2)

my = [y, 8, )
my=0.02(h, /1, ) Lif 2, > 0.5m,=0,if 2, <0.5 C)
;(f%s <1.0 5)
= lJth} F, = 0.9kFE]% ©)
k. =6+ 2(5)2 0

a

4.3. ANSI/AISC 360-22 [28]

In current practice, the evaluation of localized bearing resistance in
homogeneous mild steel members is primarily governed by the design
framework established in ANSI/AISC 360-22 [28]. The specification adopts a
design philosophy that is largely in line with the principles underlying EN 1993-
1-5 [27], thereby ensuring a reasonable level of consistency across major
international steel design codes. Despite this general alignment, AISC 360-22
[28] does not explicitly incorporate the effect of web aspect ratio in the
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formulation of local resistance. The omission of this geometric parameter limits
the ability of the specification to capture the influence of web configuration on
localized failure mechanisms

This limitation may result in discrepancies in strength predictions,
particularly for members with varying web geometries. According to AISC 360-
22 [28], the ultimate resistance of homogeneous mild steel members subjected
to localized bearing force is evaluated using Eqgs. (8)—(10):
(1) Transverse loading is applied at a distance > d/2 from the girder's end

S .t Eft
2 ase 0L [1+3(E)] ;—’ ®

f w

(2) Transverse loading is applied at a distance < d/2 from the girder's end:

. |Ef. t
=0.4ti.[1+3(%><j—”>'->] %;ﬁ)r& 1d<02 ©)
f w
Ef t,
P, usc=04,]1 +(455 —0.2)@)‘-5] L forS,/d>02 (10)
1 ly L, ‘

4.4. GB 50017 [26]

The existing provisions in GB 50017 [26] define design criteria for
assessing the resistance of structural members subjected to localized bearing
actions. Nevertheless, the scope of this standard is limited to members
fabricated from homogeneous mild steel, without explicit consideration of the
distinct mechanical properties and load-transfer mechanisms associated with
stainless steel or hybrid structural systems. Consequently, the applicability of
GB 50017 [26] to girders with hybrid configurations remains questionable. This
limitation underscores the necessity for updated or supplementary design
provisions that can accurately reflect the unique characteristics of advanced
materials, ensuring reliable and efficient structural performance assessments.

To evaluate the resistance of homogeneous mild steel girders subjected to
localized forces, the following Eqgs. (11)-(12) can be applied:

R, = fywtwlz (1 1)
’ Y
[, =8 +5t,+2h, (12)

4.5. Evaluation of the existing design standards

As summarized in Table 5, a comprehensive comparative assessment was
conducted to evaluate the accuracy of existing design provisions for
homogeneous girders. The results of the parametric study were systematically
compared with the strength predictions obtained using widely adopted design
standards, including GB 50017 [26], EN 1993-1-5 [27], and ANSI/AISC 360-
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Future revisions to EN 1993-1-5 [27] may be necessary to enhance its predictive
accuracy.

For ANSI/AISC 360-22 [28], the average strength ratio (F, usc/Fure) 1S
0.850 and 0.755, with COVs of 0.069 and 0.080 for F1803W304 and
F32001W2205 hybrid-configured girders, respectively. As illustrated in Figs.
19(c) and (d), ANSI/AISC 360-22 [28] consistently predicts localized-loading
resistance with an average conservatism of 19.8%. Compared to both GB 50017
[26] and EN 1993-1-5 [27], ANSI/AISC 360-22 [28] demonstrates improved
predictive accuracy, making it a more reliable reference for assessing the
localized-loading resistance of hybrid-configured girders. The different
conservatism of EN 1993-1-5 [27] and AISC 360-22 [28] mainly stems from
their treatment of web instability and parameter sensitivity. EN 1993-1-5 [27]
includes web buckling reduction linked to web slenderness and strength, leading
to increased conservatism for higher web grades and instability-controlled
regimes. In contrast, AISC 360-22 [28] does not explicitly consider geometric
parameters such as the load length-to-web depth ratio (a/hy), resulting in
reduced sensitivity to web grade and parameter regime. This explains the
observed differences in conservatism and highlights directions for future code
improvement.

For GB 50017 [26], the mean strength ratio (F), gs/F, r) is 1.033 and 1.294,
with corresponding COVs of 0.228 and 0.230 for F1803W304 and
F32001W2205 hybrid-configured girders, respectively. Figs. 19(e) and (f)
provide a comparative assessment, revealing that GB 50017 [26] overestimates
localized-loading resistance, with strength predictions averaging 16.4% higher
than those derived from FEA simulations. These findings indicate that the
current GB 50017 [26] provisions are unconservative and may require
modifications to improve their reliability in predicting the performance of
hybrid-configured girders under localized bearing force. The approximately 16%
unconservative prediction mainly arises from the simplified assumptions
adopted in GB 50017 [26] for patch loading resistance. The code provisions [26]
are largely based on empirical formulations calibrated for conventional
homogeneous mild steel sections. In contrast, the specimens investigated in this
study are made of stainless steel, which exhibits distinct material characteristics,
including pronounced strain hardening and different post-yield behavior.
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(b) Eurocode 3 [27] prediction results
for F32001W2205 specimens

(a) Eurocode 3 [27] prediction results for
F1803W30408 specimens
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Table 5
Comparison of FEA results with predicted values by the existing standards
GB 50017 EN 1993- ANSI/AISC
Material [26] 1-5[27] 360-22 [28]
Fucs/ Fure FueN/ Fure Fuaisc/ Fure
Mean 1.033 0.587 0.850
F1803W304
Cov 0.228 0.109 0.069
Mean 1.294 0.519 0.755
F32001W2205
cov 0.230 0.116 0.080
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(c) AISC 360-22 [28] prediction results
for F1803W30408 specimens
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(d) AISC 360-22 [28] prediction results
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For EN 1993-1-5 [27], the average strength ratio (F, gn/F,,re) 18 0.587 and
0.519 for F1803W304 and F32001W2205 hybrid-configured girders,
respectively, yielding coefficient of variation (COV) values of 0.109 and 0.116.
Figs. 19(a) and (b) further compare these predictions with FEA results,
highlighting that EN 1993-1-5 [27] provides notably conservative estimates.
This suggests that the current provisions may underestimate the localized-
loading resistance of hybrid-configured girders, potentially leading to
inefficient material utilization and overly cautious design recommendations.
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(e) GB 50017 [26] prediction results for

F1803W30408 specimens

(f) GB 50017 [26] prediction results for
F32001W2205 specimens

Fig. 19 Comparison between numerical results with design strength derived from cur-
rent design methods [26-28]
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It should be noted that a brief FE uncertainty assessment has been included
by examining the sensitivity of the predicted patch loading capacity to (i) mesh
refinement, (ii) initial geometric imperfection amplitude, and (iii) material
property variability within reasonable bounds. The comparison confirms that
the conclusion regarding the unconservatism of GB 50017 [26] remains valid
within this FE uncertainty range.

According to the comparative results, the current design requirements are
unreliable in their capacity to anticipate the hybrid-configured girders'
localized-loading resistance. Substantial discrepancies were identified between
the parametric study outcomes and the strength values estimated by existing
codes, highlighting the inherent limitations of current design standards.

5. New design proposals for hybrid-configured girders
5.1. General

In this study, a modified coefficient (&) was introduced into the existing
design formulations to improve the accuracy of local load-carrying capacity
predictions for hybrid-configured girders. This coefficient is intended to capture
the distinct mechanical response arising from the hybrid material configuration,
thereby addressing inherent limitations in current design provisions developed
for homogeneous members. Based on this modification, two simplified design
approaches were subsequently proposed, specifically tailored for hybrid-
configured girders. These approaches are formulated on the basis of the design
concepts adopted in EN 1993-1-5 [27] and ANSI/AISC 360-22 [28], and
provide refined expressions for evaluating local load-carrying capacity while
explicitly accounting for the unique structural characteristics of hybrid-
configured girders. In earlier research, the authors [19] used a similar
methodology to develop improved design techniques for welded girders.

The novelty of this study lies not merely in introducing a modified
coefficient, but in identifying and quantifying the key mechanical differences
between hybrid and homogeneous girders under patch loading. Existing patch
loading formulations were developed for homogeneous sections and implicitly
assume uniform material behavior across the flange and web. In hybrid girders,
however, differences in o—¢ nonlinearity and strain hardening between the
flange and web lead to altered load transfer, stress redistribution, and plastic
zone development near the load introduction region. The coefficient ¢ was
therefore introduced to account for these hybrid-specific mechanisms in a
rational manner. Each term in & represents a distinct physical contribution: (i)
the relative flange—web material and stiffness mismatch, governing load sharing
and effective load spread into the web; (ii) the web-dominated local failure
mechanism, which controls patch loading resistance; and (iii) the influence of
material nonlinearity and post-yield redistribution on the ultimate capacity. The
form of & was thus derived based on observed mechanical behavior rather than
purely empirical fitting.

5.2. Modified ANSI/AISC 360-22 [28]

Similarly, the proposed calculation methods for evaluating the localized-
loading resistance (F, ascy) of F1803W304 and F32001W2205 hybrid-
configured girders are derived from Egs. (13) and (14), based on ANSI/AISC
360-22 [28]. To improve the accuracy of design predictions for S30408 and
S2205 webs, a modified coefficient () was introduced. This coefficient
accounts for key parameters, including Sy/hy, a/hy and hy/t,, and can be
determined using Eqgs. (13)-(14):
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Figs. 20(a) and (b) present a comparison between the localized loading
capacities predicted using the modified ANSI/AISC 360-22 design approach
and those obtained from the parametric finite element investigation. As
summarized in Table 6, the mean ratios of the finite element results (FEM) to
the corresponding design predictions for the F1803W304 and F32001W2205
hybrid-configured girders are 1.001 and 1.002, respectively. The associated
coefficients of variation (COVs) are 0.023 and 0.025, indicating a high level of
consistency and low scatter.These results demonstrate that the modified
ANSI/AISC 360-22 design equations provide accurate and reliable predictions
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of local load-carrying capacity for hybrid stainless steel girders, thereby
confirming their suitability for practical engineering design applications.

Table 6
Comparison of FEA results with predicted values by the proposed methods
Modified EN 1993- Modified ANSI/AISC
Material 1-5 360-22
Fuen/ Fure Fuaisc/ Fure
Mean 1.000 1.001
F1803W304
Cov 0.025 0.023
Mean 1.000 1.002
F32001W2205

COvV 0.029 0.025
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mens mens
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(c) Modified Eurocode 3 [27] prediction
results for F1I803W30408 specimens

(d) Modified Eurocode 3 [27] prediction
results for F32001W2205 specimens

Fig. 20 Comparison between numerical results with design strength derived from new
design methods

5.3. Modified EN 1993-1-5 [27]

The proposed calculation methods for evaluating the local load-carrying
capacity (F,, en-m) are presented in Egs. (15)—(16), which are developed through
targeted adaptations of the EN 1993-1-5 design framework [24]. To improve
the accuracy of resistance predictions for hybrid-configured girders, a modified
coefficient (&) is introduced in the present study, specifically calibrated for the
F1803W304 and F32001W2205 configurations. This coefficient is intended to
account for the distinct material properties and mechanical behavior associated
with the hybrid stainless steel composition. It is formulated as a function of key
governing parameters, including the bearing width ratio (S,/Ay), web aspect ratio
(alhy) and web slenderness ratio (hw/ty). The modified coefficient & is
determined using Eqgs. (15)—(16):
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As illustrated in Figs. 20(c) and (d), a comparative assessment was
performed between the localized loading capacities predicted using the
modified EN 1993-1-5 equations and those obtained from the parametric finite
element analyses of the F1803W304 and F32001W2205 hybrid-configured
girders. This comparison was conducted to evaluate the accuracy of the revised
equations in capturing the local load-carrying capacity of these stainless steel
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girders.

As summarized in Table 6, the mean ratios of the finite element results to
the corresponding design predictions are equal to 1.000 for both the
F1803W304 and F32001W2205 configurations. The associated coefficients of
variation (COVs) are 0.025 and 0.029, respectively, indicating low scatter and
a high level of agreement. These findings confirm that the revised EN 1993-1-
S-based design equations provide reliable and precise estimates of local load-
carrying capacity for hybrid stainless steel girders.

6. Concluding remarks and limitations

A novel generation of hybrid stainless steel girders has been used in marine
structures recently. This study introduces new simplified design methods for
assessing the resistance of hybrid stainless steel girders under localized bearing
force, expanding on the authors' earlier experimental research. A
comprehensive investigation was carried out, involving 1248 finite element (FE)
simulations. The principal findings of this study are summarized as follows:

(1) A finite element (FE) model, previously developed and rigorously
validated by the authors, was utilized to perform a comprehensive parametric
investigation. The study focused on evaluating the influence of critical
parameters, including the bearing width ratio, web aspect ratio, web slenderness,
and local geometric deformations, on the structural behavior of the tested
girders.

(2) The parametric study results reveal that the localized-loading resistance
of hybrid stainless steel girders is primarily influenced by three key factors: the
web aspect ratio, web slenderness ratio, and bearing width ratio. The analysis
demonstrates a consistent enhancement in resistance as the bearing width ratio
(Sy/hy,) increases from 0.1 to 0.4. Conversely, a notable decline in resistance is
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